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FRICTION  AND  WEAR  OF  P0LY(AMIDE-I/V1IDE),  POLYIMIDE,  AND 
PYRRONE  POLYMERS  AT  260°  C  (500°  F)  IN  DRY  AIR 
by  William  R.  Jones,  Jr.,  William  F.  Hady,  and  Robert  L.  Johnson 

Lewis  Research  Center 

SUMMARY 

A  pin-on-disk  sliding  friction  apparatus  was  used  to  determine  the  friction  and  wear 
of  three  pure  (unfilled)  polymers  in  dry  air  at  260°  C  (500°  F).  The  polymers  were  (1) 
a  poly(amide-imide),  (2)  a  polyimide,  and  (3)  a  pyrrone. 

Low  wear  was  obtained  with  a  pyrrone,  intermediate  wear  with  a  polyimide,  and 
very  high  wear  with  a  poly(amide-imide)  under  lubricated  conditions  at  260°  C  (500°  F) 
in  dry  air.  All  three  polymers  exhibited  low  coefficients  of  friction  (typical  <0.  20) 
under  these  conditions.  The  poly(amide- imide)  exhibited  thermal  degradation  at  260°  C 
(500°  F).  All  three  unlubricated  polymers  exhibited  high  wear  and  high  coefficients  of 
friction  at  260°  and  23°  C  (500°  and  73°  F)  in  dry  air. 

Experiments  were  conducted  using  a  0. 476-centimeter-  (0. 187-in.  -)  radius  hemi- 
spherically  tipped  rider  (polymer)  sliding  on  a  rotating  disk  (M-50  steel).  Experimental 
conditions,  in  most  cases,  were  a  sliding  speed  of  10  meters  per  minute  (390  in.  /min), 
a  1.  5-kilogram  load,  a  260°  C  (500°  F)  disk  temperature,  a  test  duration  of  25  minutes, 
and  a  superrefined  paraffinic  mineral  oil  lubricant. 

INTRODUCTION 

Supersonic  flight  speeds  have  created  many  high  temperature  related  lubrication  and 
sealing  problems.  One  of  these  problems  involves  fluid  sealing  in  hydraulic  actuators. 
Recently,  work  has  been  reported  on  the  development  of  high  temperature  (260°  C  or 
500°  F)  rod  seals  using  a  polyimide  material  (refs.  1  to  4). 

The  polyimides  are  a  member  of  the  new  class  of  high  temperature  aromatic- 
heterocyclic  polymers  that  have  been  developed  during  the  last  few  years.  The  poly¬ 
imides,  which  are  condensation  polymers  formed  from  the  reaction  of  pyromellitic  dian¬ 
hydrides  and  aromatic  diamines,  possess  many  properties  needed  for  high  temperature 


seals.  These  include  good  thermal  stability,  fluid  compatibility,  low  friction  and  wear, 
and  retention  of  mechanical  properties  at  high  temperatures  (refs.  3  and  5). 

Another  polymer  which  has  found  use  in  many  high  temperature  applications  is  a 
combination  of  nylon  and  polyimide,  commonly  called  poly(amide-imide).  This  polymer, 
which  is  based  on  trimellitic  anhydride,  has  good  thermal  stability  and  good  mechanical 
properties.  A  more  recent  addition  to  this  class  of  high  temperature  polymers  are  the 
polyimidazopyrrolones  (commonly  called  pyrrones).  These  polymers  may  possess  even 
higher  thermal  stability  and  better  mechanical  properties  than  the  polyimide  class  of 
polymers  (ref.  6).  Pyrrones  are  prepared  by  the  condensation  of  aromatic  tetraacids  or 
dianhydrides  with  aromatic  tetraamines.  They  possess  excellent  oxidation  stability, 
thermal  stability,  and  mechanical  properties  (ref.  7).  The  preparation  problem  of 
pyrrones  (excessive  release  of  volatiles  during  cure)  has  now  been  overcome  by  a  simul¬ 
taneous  polymerization  and  molding  process  (refs.  8  and  9). 

Table  I  compares  a  number  of  typical  properties  for  polyimide,  poly(amide“imide), 
and  pyrrone.  Figure  1  illustrates  their  chemical  structures.  All  polymers  are  step- 
ladder  in  overall  structure.  The  pyrrone  used  in  this  study  is  the  oligomer  formed  by 
the  condensation  of  3,  3^-4,  4'  benzophenone  tetracarboxylic  acid  dianhydride  and 
3,  3^-4,  4’  tetraaminobiphenyl.  Details  of  the  synthesis  and  molding  process  are  de¬ 
scribed  in  reference  7. 

The  objective  of  this  investigation  was  to  determine  the  friction  and  wear  of  a  poly¬ 
imide,  a  poly(amide-imide),  and  a  pyrrone.  Hemispherically  tipped  riders  of  the  pure 
(unfilled)  polymers  were  run  in  sliding  contact  with  a  rotating  M-50  steel  disk  in  dry  air. 
Other  conditions  were  a  sliding  speed  of  10  meters  per  minute  (390  in. /min),  a  1.5- 
kilogram  load,  and  a  test  duration  of  25  minutes.  The  lubricant  was  a  super  refined  par¬ 
affinic  mineral  oil. 


APPARATUS 


The  friction  and  wear  test  apparatus  is  shown  in  figure  2.  The  test  specimens  were 
contained  inside  a  stainless-steel  chamber. 


Specimens 

A  6.  3-centimeter-  (2.  5-in.  -)  diameter  disk  (M-50  steel)  is  placed  in  sliding  contact 
with  a  0.  476-centimeter-  (0.  187-in.  -)  radius  hemispherically  tipped  polymer  rider.  A 
normal  load  of  1.  5  kilograms  was  applied  with  a  deadweight.  Disks  were  made  of  M-50 
steel  with  a  hardness  of  62  to  64  Rockwell  C.  Riders  were  made  of  either  poly(amide- 
imide),  polyimide,  or  pyrrone  with  hardnesses  of  81,  60,  and  93  Rockwell  E,  respec¬ 
tively.  All  specimens  were  pure  polymer  (unfilled). 
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The  disk  was  partially  submerged  in  a  pyrex  cup  containing  the  test  lubricant.  The 
disk  was  heated  by  induction.  Bulk  lubricant  temperature  was  recorded  with  a  thermo¬ 
couple.  Disk  temperature  was  monitored  with  an  infrared  pyrometer.  Frictional  force 
was  measured  with  a  strain  gage  and  recorded. 


Atmosphere 

The  test  atmosphere  was  dry  air  (<500  ppm  H2O).  Dry  air  was  obtained  by  drying 
and  filtering  service  air.  Moisture  content  was  monitored  by  a  moisture  analyzer  with 
an  accuracy  of  ±10  parts  per  million. 


PROCEDURE 

Specimen  Preparation 


Disks  were  made  of  M-50  steel.  They  were  ground  and  lapped  to  a  surface  finish 
of  10x10  to  20x10  meter  (4  to  8  /iin.  rms).  Disks  were  scrubbed  with  a  paste  of 
levigated  alumina  and  water,  rinsed  with  tap  water  and  distilled  water,  then  placed  in  a 
dessicator. 

Riders  were  made  of  each  test  polymer  and  cleaned  with  100  percent  ethyl  alcohol. 
A  nondegassed  superrefined  paraffinic  mineral  oil  was  used  as  the  lubricant.  Some 
typical  properties  of  this  lubricant  supplied  by  the  manufacturer  are  as  follows: 


Specific  gravity  at  16^  C  (60^  F) . 0.  846 

Flash  point,  COC,  (°F) .  199  (390) 

Fire  point,  COC,  °C  (°F) .  219  (426) 

Pour  point,  °C  (°F)  . -57  (-70) 

Thermal  decomposition  (isoteniscope),  °C  (°F) .  357  (675) 

2 

Kinematic  viscosity  in  m  /sec  (cS)  at 

288°  C  (550°  F)  .  5.  6x10“'^  (0.  56) 

99°  C  (210°  F) . 3.  32x10"®  (3.  32) 

38°  C  (100°  F) .  1.541x10"®  (15.41) 

-18°  C  (0°  F) .  3.  75x10"“^  (375) 


Test  Procedure 


_5 

The  specimens  were  assembled  and  7x10  cubic  meter  (70  ml)  of  lubricant  were 
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placed  in  the  lubricant  cup.  The  test  chamber  (3.7x10’  m  or  3.7  liter  volume)  was 
purged  with  dry  air  for  10  minutes  at  a  flow  rate  in  excess  of  6x10’^  cubic  meter  per 
hour  (50  liters/hr).  The  disk  was  heated  to  260°  C  (500°  F)  while  rotating,  and  the  rider 
was  loaded  against  the  diskwith  a  deadweight.  Dry  airflow  rate  was  reduced  to  3. 5x10"^ 
cubic  meter  per  hour  (35  liters/hr)  and  a  6.  9x10^  N/cm^  (1  psig)  pressure  was  main¬ 
tained  in  the  chamber.  The  lubricant  was  heated  only  by  heat  transfer  from  the  disk. 
Therefore,  the  bulk  lubricant  temperature  (measured  with  a  thermocouple)  gradually  in¬ 
creased  during  the  test  to  150°  to  180°  C  (300°  to  360°  F). 

Frictional  force  and  bulk  lubricant  temperature  were  continuously  recorded.  Disk 
temperature  was  continuously  monitored.  Tests  were  terminated  at  25  minutes,  and 
rider  wear  scar  diameter  was  recorded.  Disk  temperature  calibration  is  described  in 
detail  in  reference  10. 


RESULTS  AND  DISCUSSION 
Rider  Wear  Volume 

Rider  wear  volumes  for  the  three  polymers  in  dry  air  at  260°  and  23°  C  (500°  and 
73°  F)  appear  in  figure  3  and  table  11. 

In  order  to  facilitate  discussion  of  rider  wear,  four  arbitrary  wear  levels  were  de¬ 
fined.  These  levels  are  (1)  low  wear  which  corresponds  to  a  wear  rate  of  less  than 
-14  •  -9  3 

1.7x10  cubic  meter  per  minute  (10  in.  /min),  (2)  intermediate  wear  (wear  rate  be¬ 
tween  1.7x10  and  1.7x10  m^/min  or  10“^  and  10"^  in.  ^/min),  (3)  high  wear  (wear 
rate  between  1.7x10"^^  and  1.7x10“^^  m^/min  or  10'^  and  lO"”"^  in.  ^/min),  and  (4)  very 
high  wear  (wear  rate  greater  than  1.  7x10”  m  /min  or  10’  in.  /min). 

Lubricated  at  260°  C  (500°  F) 

As  shown  in  figure  3,  low  wear  was  obtained  with  a  pyrrone,  intermediate  wear  with 
a  polyimide,  and  very  high  wear  with  a  poly(amide-imide)  lubricated  with  a  mineral  oil 
at  260°  C  (500°  F). 

Typical  rider  wear  scars  for  the  three  polymers  lubricated  with  the  mineral  oil  at 
260°  C  (500°  F)  appear  in  figure  4.  Lubricant  degradation  products  and  wear  debris  are 
noted  in  the  inlet  region  of  the  contact  for  all  three  polymers.  A  very  poorly  defined  con¬ 
tact  area  is  noted  for  the  pyrrone  rider  in  figure  4(c). 

Figure  5  shows  another  pyrrone  contact  area  before  and  after  scrubbing  with  alcohol. 
After  scrubbing  with  alcohol  (fig.  5(b)),  no  wear  scar  is  evident.  In  fact,  machining 
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marks  can  still  be  seen.  This  phenomenon  was  observed  with  the  pyrrone  in  all  the 
lubricated  tests  at  260°  C  (500°  F).  A  wear  value  of  less  than  10“  cubic  meter  per 
minute  (6xl0“^®  in.  ^/min)  is  recorded  for  the  pyrrone.  This  corresponds  to  a  wear 
scar  of  less  than  0.4  millimeter,  which  indicates  negligible  wear. 


Un lubricated  at  260°  and  23°  C  (500°  and  74°  F) 

A  few  tests  were  performed  without  a  lubricant  at  260°  C  (500°  F)  and  at  room  tem¬ 
perature,  23°  C  (73°  F).  The  wear  results  also  appear  in  figure  3  and  table  II. 

At  260°  C  (500°  F)  very  high  wear  was  obtained  with  the  poly(amide-imide)  and  high 
wear  with  the  polyimide  and  the  pyrrone.  High  wear  was  observed  for  all  three  polymers 
at  23°  C  (73°  F). 


Poly(amide-imide)  Degradation 

There  was  considerable  wear  variation  with  the  poly(amide-imide)  lubricated  with 
the  mineral  oil  at  260°  C  (500°  F).  Also  apparent  in  many  of  the  tests  was  severe  ther¬ 
mal  degradation.  Cracking,  plastic  deformation,  and  discoloration  was  evident  to  vary¬ 
ing  degrees.  Figure  6  illustrates  the  degrees  of  the  thermal  degradation.  Apparently 
260°  C  (500°  F)  is  just  beyond  the  maximum  usable  temperature  for  a  sliding  application 
with  this  polymer. 


Coefficient  of  Friction 

Coefficients  of  friction  for  the  three  polymers  at  260° and  23°  C  (500°  and  73°  F)  ap¬ 
pear  in  figure  7  and  table  III. 

All  three  polymers  lubricated  with  the  mineral  oil  at  260°  C  (500°  F)  exhibited  low 
(<0.20)  typical  coefficients  of  friction.  At  260°  C  (500°  F)  the  typical  coefficients  of 
friction  for  the  unlubricated  poly(amide-imide),  polyimide,  and  pyrrone  were  0.43,  0.  30, 
and  0. 74,  respectively.  At  23°  C  (73°  F)  all  three  unlubricated  polymers  exhibited  typi- 
cal  coefficients  of  friction  greater  than  0.  60. 

The  following  concluding  remarks  are  made: 

(1)  The  poly  (amide- imide)  is  not  suitable  for  use  in  sliding  friction  applications  at 
260°  C  (500°  F)  in  air. 

(2)  The  pyrrone  is  suitable  (under  lubricated  conditions)  for  sliding  friction  applica¬ 
tions  at  260°  C  (500°  F)  in  air  and  appears  to  be  superior  to  polyimide. 
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SUMMARY  OF  RESULTS 


A  pin-on-disk  sliding  friction  apparatus  was  used  to  determine  the  friction  and  wear 
of  three  pure  (unfilled)  polymers  at  260*^  C  (500°  F)  in  dry  air.  The  polymers  were 
evaluated  both  dry  and  lubricated  with  a  superrefined  mineral  oil.  Other  conditions  in¬ 
cluded  a  sliding  speed  of  10  meters  per  minute  (390  in.  /min)  and  a  1.  5-kilogram  load. 
The  following  results  were  obtained: 

1.  Low  wear  was  obtained  with  a  pyrrone,  intermediate  wear  with  a  polyimide,  and 
very  high  wear  with  a  poly(amide-imide)  lubricated  at  260°  C  (500°  F)  in  dry  air, 

2.  All  three  polymers  exhibited  low  coefficients  of  friction  (typical  <0.  20)  when 
lubricated  at  260°  C  (500°  F)  in  dry  air. 

3.  The  poly(amide-imide)  exhibited  thermal  degradation  at  260°  C  (500°  F)  in  dry 

air. 

4.  All  three  unlubricated  polymers  exhibited  high  wear  and  high  coefficients  of  fric¬ 
tion  at  260°  and  23°  C  (500°  and  73°  F)  in  dry  air. 

Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration, 

Cleveland,  Ohio,  March  1,  1971, 

126-15. 
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TABLE  I.  -  SUMMARY  OF  TYPICAL  PROPERTIES  FOR  THREE  MOLDED  POLYMERS^ 


Property 

Pyrrone 

Poly(amide-imide) 

Polyimide 

Tensile  strength  at  23^  C  (73°  F), 
N/m^  (psi) 

7.  37x10^^  (10  700) 

9.  I6XI0’'  (13  300) 

7.  23x10’'  (10  500) 

Elongation  to  fracture  at  23°  C 
(73°  percent 

~1 

2. 0  to  2.  5 

5  to  6 

Flexural  modulus  at  23°  C  (73°  F), 
N/m^  (psi) 

9.0X10®  (13x10®) 

4.  8x10®  (7x10®) 

3.2x10®  (4,6x10®) 

Flexural  strength  at  23°  C  (73°  F), 
N/m^  (psi) 

12x10’'  (17  500) 

I6XI0''  (23  400) 

9.6x10’'  (14  000) 

Shear  strength  at  23°  C  (73°  F), 
N/m^  (psi) 

(b) 

13x10’'  (18  800) 

8.  2x10’'  (11  900) 

Compressive  strength  at  23°  C 
(73°  F),  N/m^  (psi) 

16.2x10''  (23  500) 

24.  3x10’'  (>35  300) 

>16.  5x10’'  (>24  000) 

Impact  strength  (IZOD)  at  23°  C 
(73°  F),  J/m 

(b) 

0.7 

0.9 

Coefficient  of  thermal  expansion 
(23°  to  204°  C  or  73°  to  95°  F), 
m/m/°C  (in.  /in.  /°F) 

4.9x10'® 

(2.7x10'®) 

3.  4x10'®  to  4.  OxlO'® 
(1.  9x10'®  to  2.  2x10'®) 

4.7x10'®  to  5.4x10'® 
(2.6x10'®  to  3.0x10'®) 

Thermal  conductivity,  J/(m)(sec)(K) 

(b) 

7.  6 

18  to  23 

Dielectric  strength  short  time  at 

23°  C  (73°  F),  V/mil 

2500 

440 

560 

Volume  resistivity  at  23°  C  (73°  F), 
^2/cm 

10'® 

0.  8x10^^ 

10}®  to  10'’' 

Dielectric  constant  (10  Hz)  at 

23°  C  (73°  F) 

(b) 

3.  8  to  4.  1 

3.4 

Hardness^  (0.00635-cm-  or  1/4- 
in.  -diam.  specimens), 

Rockwell  E 

93 

81 

60 

Specific  gravity 

1.  3 

1.41 

1.43 

Thermal  stability  in  air,  °C  (°F) 

*^400  (752) 

°288  (550) 

°260  (500) 

Thermal  stability  in  nitrogen, 

°C  (°F) 

•^600  (1112) 

°316  (601) 

3. 

Manufacturer's  data  except  where  noted. 
^Not  available. 


^Measured  by  authors. 

'^Thermogravimetric  analysis,  0.5°  C/min  (0.9°  F/min). 
^Maximum  recommended  continuous  operating  temperature. 
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TABLE  II.  ~  AVERAGE  RIDER  WEAR  VOLUME  FOR  THREE  POLYMERS  IN  DRY  AIR 


[Sliding  speed,  10  m/min  (390  in./i^in);  load,  1.5  kg;  test  duration,  25  min.] 


Conditions 

Average  rider 
wear  volume, 
mVmin 
(in.  ^/min) 

Num¬ 

ber 

of 

tests 

Average  rider 
wear  volume, 
m^/min 
(in.  ^/min) 

Num¬ 

ber 

of 

tests 

Average  rider 
wear  volume, 
m  /mm 
(in.  ^/min) 

Num¬ 

ber 

of 

tests 

Poly(amide-  imide) 

Polyimide 

Pyrrone 

Lubricated  with  superrefined  mineral 
oil  at  260°  C  (500°  F) 

390X10 

(2.4X10'’^) 

8 

-14 

10x10 
(6.  ixio"®) 

8 

<lxlo'^^ 
(<6. 1x10'^°) 

5 

Unlubricated  260°  C  (500°  F) 

1 360X10" 

(8.  OxlO""^) 

2 

92x10"^'^ 

(5.6X10"®) 

2 

190x10"^'^ 

(1.2x10"'^) 

2 

Unlubricated  23^  C  (73®  F) 

50X10"^^ 

(3.0X10"^) 

1 

42X10"^'^ 

(2.6X10'®) 

1 

42x10'^^ 

(2.6X10'®) 

1 

TABLE  HI.  -  TYPICAL  COEFFICIENT  OF  FRICTION  FOR  THREE  POLYMERS  IN  DRY  AIR 


[Sliding  speed,  10  m/min  (390  in. /min);  load,  1.5  kg;  test  duration,  25  min.] 


Conditions 

Typical 

coeffi¬ 
cient  of 

friction 

Range  of  coef¬ 
ficient  of 

friction  (mi¬ 
nimum  to 

maximum) 

Typical 

coeffi¬ 
cient  of 

friction 

Range  of  coef¬ 
ficient  of 

friction  (mi¬ 
nimum  to 

maximum) 

Typical 

coeffi¬ 
cient  of 

friction 

Range  of  coef¬ 
ficient  of 

friction  (mi¬ 
nimum  to 

maximum) 

Poly(amide-  imide) 

Polyimide 

Pyrrone 

Lubricated  with  superrefined  mineral 

0. 16 

0. 11  to  0.  33 

0. 13 

0.07  to  0.23 

0.  16 

0.  12  to  0.20 

oil  at  260°  C  (500°  F) 

Unlubricated  260®  C  (500®  F) 

.43 

.  20  to  .  65 

.  30 

.  15  to  .60 

.74 

.  63  to  .  87 

Unlubricated  23®  C  (73®  F) 

.62 

.  30  to  .73 

.73 

.  33  to  .  80 

.  66 

.  63  to  .  68 
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(a)  Poly(amide-imide). 


(b)  Polyimide. 


(c)  Pyrrone. 

Figure  1.  -  Chemical  structures  for  poly(amide-imide),  polyimide,  and 
pyrrone. 


Figure  2.  -  Friction  and  wear  apparatus. 


Figure^ 3.  -  Rider  wear  volume  for  three  polymers  in  dry  air  at  260°  and  23°  C 
(500°  and  73°  F).  Sliding  speed,  10  meters  per  minute  (390  in. /min);  load, 
1. 5  kilograms;  lubricant,  superrefined  mineral  oil;  test  duration,  25  min¬ 
utes. 
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(b)  Polyimide, 


(a)  Polyiamlde-imlde) 


(c)  Pyrrone. 

Figurea  -  Typical  rider  wear  scar  for  three  polymers  sliding  on  M-50  steel  in  dry  air.  Sliding  speed.  10  meters  per  minute  (390  in. /min);  load.  1.5 

kilograms;  disk  temperature.  260°  C  (500°  F);  lubricant,  superrefined  mineral  oil;  test  duration.  25  minutes. 


(a)  Before  scrubbing  with  alcohol.  (b)  After  scrubbing  with  alcohol. 

Figure  5.  -  Typical  rider  wear  scar  of  pyrrone  sliding  on  M-50  steel  in  dry  air.  Sliding  speed,  10  meters  per  minute  {390  in. /min);  load,  1.5 
kilograms;  disk  temperature,  260^  C  (500°  F);  lubricant,  superrefined  mineral  oil;  test  duration,  25  minutes. 


(c)  Severe  thermal  degradation. 

Figure  6.  -  Three  rider  wear  scars  for  poly(amide-imide)  illustrating  three  degrees  of  thermal  degradation  in  dry  air.  Sliding  speed,  10  meters  per 
minute  (390  in. /min);  load,  1.5  kilograms;  disk  temperature,  260°  C  (500°  F);  disk,  M-50  steel;  lubricant,  superrefined  mineral  oil;  test  duration, 
25  minutes. 
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